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Abstract 
Global competitive pressures force companies to employ more sustainable, more integrated, and more productive manufacturing technologies 
and systems. While high performance machining and processes are considered to be important enablers, their reliable assessment depends on 
the availability of suitable measurement data. In this context power monitoring allows for the quantification of energy efficiency, the curbing of 
expensive peak power use, and the control of the process stability. The monitoring of high-performance processes however is challenging and 
can benefit from high-frequency, high-sensitivity measurement devices. This research paper provides a basic introduction into power and 
energy measurement for three phase power and discusses the advantages of high-frequency power monitoring. Challenges faced when 
deploying power monitoring systems in industrial settings are outlined. Several case studies explore phenomena not detectable by conventional 
approaches and investigate resulting improvements in energy measurement accuracy.  
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1. Motivation 
Today a central challenge for high-wage countries is 
finding an answer to the question of how to ensure that future 
production can be both sustainable and successful [1]. Energy 
of manufacturing processes which is of critical importance in 
this regard can be enhanced by reducing the basic and idle 
machine energy through improved machine setup, shorter 
production times or minimization of the processing energy 
[2]. Power measurement is a simple way to monitor 
production systems and helps to evaluate energy efficiency 
[3]. 
International initiatives such as the CO2PE! UPLCI-
Initiative collect data for different unit manufacturing 
processes [4]. However, power measurement for data 
collection is not yet standardized, which aggravates 
comparing data sets. Moreover, high speed power monitoring 
can help to understand device and process performance, but 
the potential users can be confused by the number of different 
systems with varying costs, complexity, portability, and data 
standards. This paper explains the basics of power 
measurement and illustrates the challenges in industrial 
setups. 
2. Power measurement fundamentals 
This section provides a theoretical overview of power 
measurement in industrial settings and is structured as 
follows: Section 2.1 outlines the principles of both single 
phase electric power and the power measurement in systems 
with alternating current. Section 2.2 describes the 
fundamentals of three phase electric power and lays the 
groundwork for the overview of power measurement for three 
phase electric systems in Section 2.3. In conclusion Section 
2.4 provides a perspective on industrial power measurement. 
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2.1. Fundamentals of Single Phase Electric Power 
In the context of electrical power, two fundamental terms 
are direct current (DC) and alternating current (AC). As the 
name implies, direct current refers to an electric current with 
constant direction and strength while alternating current 
periodically changes its direction however maintaining an 
average current of zero over time [5]. While direct current is 
widely used in electronic circuitry [6], alternating current is 
often used for industrial equipment or the transmission power 
over long distances [6]. In line with the subject matter of this 
paper, this section will thus focus on alternating current. 
With ݒො and ଓƸ defined as the peak values, ߱ as the angular 
frequency and ߮ as the phase shift, alternating voltages and 
currents over time can be described by equations (1) and (2) 
respectively [5]: 
 
ݒሺݐሻ ൌ  ݒොܴ݁൫݁௝ሺఠೡ௧ାఝೡሻ൯ ൌ ݒො ሺ߱௩ݐ ൅ ߮௩ሻ (1) 

ሺሻ ൌ  ÇƸ൫୨ሺன౟୲ା஦౟ሻ൯ ൌ ÇƸ ሺɘ୧ ൅ ɔ୧ሻ (2) 
 
Based on the definitions of alternating voltages and 
currents, power is defined as [7]: 
 
݌ሺݐሻ ൌ ݒሺݐሻ݅ሺݐሻ  (3) 
 
Operating under the assumption of identical angular 
frequencies for voltage and current (߱௩ ൌ ߱௜ ൌ ߱ሻ equation 
(4) can be simplified to: 
 
݌ሺݐሻ ൌ ݑොଓƸ ሺ߱ݐ ൅ ߮௩ሻ ሺ߱ݐ ൅ ߮௜ሻ
ൌ ݑොଓƸʹ ሾሺʹ߱ݐ ൅ ߮௩ ൅ ߮௜ሻ ൅ ሺ߮௩ െ ߮௜ሻሿ (4) 
 
The phase shift between voltage and current directly results 
from the attached load impendence. For a purely resistive 
load, voltage and current feature no phase shift (߮௩ ൌ ߮௜ ൌ Ͳ) 
and equation  (4) can be further simplified to: 
 
݌ሺݐሻ ൌ ݒොଓƸʹ ሾሺʹ߱ݐሻ ൅ͳሿ (5) 
 
The resulting voltage, current (both grey) and power (blue) 
are shown in Figure 1 - left. In this case power is always 
greater than or equal to zero which in turn means, that the 
power consumption over one period (RMS) is greater than 
zero. 
For a purely reactive load such as capacitors or coils 
(߮௩ െ ߮௜ ൌ േగଶ and ߮௜ ൌ Ͳ) equation  (4) can be 
simplified to equation (6): 
݌ሺݐሻ ൌ ݒොଓƸʹ  ቀʹ߱ݐ േ
ߨ
ʹቁ (6) 
 
Figure 1 – right shows the resulting voltage, current 
(grey/black) and power (red) for a capacitor. For a purely 
reactive load, power oscillates around 0 [7]. Thus energy is 
periodically stored (power greater than zero) and released 
(power less than zero) by the load. As opposed to the 
aforementioned resistive load power consumption over the 
course of one period (RMS) for a purely reactive load, is 
equal to zero. Thus while no power is actually consumed by 
the load, current is nevertheless constantly flowing through 
the system. For a power company providing both power and 
infrastructure, this strain on the grid bears appraisal. 
 
 
 Figure 1 Power with pure resistive (left) and capacitive (right) loads 
A more comprehensive quantification of power in systems 
with alternating current, which incorporates both power 
consumption due to resistive elements and current flow due to 
reactive elements, is complex power. Complex power is 
defined as [6]: 
 
ܵ ൌ ܫ ή ܸכ ൌ ଓƸ݁௝ఝ೔ ή ݒොሺ݁௝ఝೡሻכ ൌ ଓƸݒො ή ݁௝ሺఝ೔ିఝೡሻ (7) 
 
ܵ, also shown in Figure 2, can be decomposed to its real and 
imaginary parts as: 
 
ܵ ൌ  ൅   (8) 
 
The real part ܲ  of ܵ  is referred to as real power and is 
equivalent to the RMS of ݌ሺݐሻ in equation (3). Real power 
thus describes the power converted to alternative forms of 
power (e.g. thermal or mechanical) in the attached load. Real 
power is usually measured in Watts (W). Reactive power is 
the imaginary part ܳ  of ܵ  and represents the power 
transmitted from source to load which is not consumed but 
periodically stored and released thereby. Typically reactive 
power is measured in Volt-Ampere Reactive (VAR) [7]. ȁܵȁis 
referred to as apparent power describes the total power 
transmitted to but not necessarily consumed by the load. 
 
Figure 2 Real, reactive, complex power and phase angle [7] 
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The power factor ሺ߮ሻ, which quantifies the relation of 
real to reactive power, is calculated from the phase angle 
߮ ൌ ߮௜ െ ߮௩  between current and voltage. 
2.2. Fundamentals of Three Phase Electric Power  
While single phase electrical power described in section 
2.1 is commonly for in domestic settings, industrial facilities 
are often supplied by three phase electric power. Three phase 
electric power results from combination of the single phase 
power supplies with identical angular frequencies and relative 
phase shifts of ͳʹͲι [7]. Compared to single phase electric 
power, three phase power has a number of advantages: 
x Ease of generation: 
Three phase electric transformers are considerably cheaper 
to build than single phase transformers of comparable 
power. 
x Ease of transmission: 
For balanced loads power transmission for three phase 
electric electrical power only requires half of the material 
required to transmit comparable power using a single 
phase electrical power. 
x Ease of electric motor design: 
The phase shift of ͳʹͲι between the individual phases also 
greatly simplifies the design of electrical motors. 
 
Depending upon the requirements of particular installation, 
three phase electric power sources can be found in both wye 
and delta configurations. These can again in turn be wired 
with either three or four leads (refer to Figure 3) [8].  
 
Figure 3 Wye (left) and delta (right) configurations w. three/four leads 
The wye configuration features three parallel single phase 
power sources, each phase-shifted by ͳʹͲιand connected to a 
common neutral point (N). If a balanced load is connected to 
the phase leads P1-P3 the currents in these leads cancel each 
other out in the neutral point and no neutral lead is required 
[9]. To achieve comparable power using three individual 
single phase power sources six leads would be necessary. For 
loads not perfectly balanced a fourth neutral lead is used to 
transport the resulting current [10]. Since the currents 
resulting from unbalanced loads are usually considerably 
smaller than the phase currents, the size and thus material 
required for this fourth lead is considerably less than that 
which is required for the phase leads [11]. 
The delta configuration consists of three single phase power 
sources wired in series, each phase-shifted by ͳʹͲι  [7]. In 
some cases a fourth often grounded lead is attached to the 
center of a power source to provide access to lower voltages 
than those available between the phase leads Px-Py [9]. 
2.3. Measurement of Three Phase Electric Power 
As described in Section 2.2 three phase electric power sources 
in both wye and delta configurations can be setup up with 
three or four leads. This section describes the wiring required 
for power measurement. 
Current power measurement systems measure voltage and 
current at a certain sample rate and calculate the real, reactive 
and apparent power over a cycle. When setting up the wiring, 
current measurements are performed in series with the load (A 
in Figure 4 and Figure 5) and voltage measurements are 
conducted in parallel with the load (V in Figure 4 and Figure 
5). 
For a setup with three wires, power can be measured using 
both two (Alternative 1) or three (Alternative 2) pairs of 
voltage/current measurement probes, which should be 
connected as shown in Figure 4 [12]. The advantage of using 
a three probe approach over a two probe approach is the 
ability to measure power per phase. For the purposes of 
connecting the power measurement equipment it is irrelevant 
whether the source has a wye or delta configuration. 
 
 
Figure 4 Wirings for power measurement with three leads 
The suitable wiring for measurement of a four wire system is 
shown in Figure 5 and requires three pairs of voltage/current 
probes[12]. Using this setup the power measurement device 
actively measures the phase to neutral voltages and can 
calculate the phase to phase voltages therefrom. Thus power 
can be calculated for each phase. Just as is the case with three 
wire setups, the internal configuration of the source is 
irrelevant. 
 
Figure 5 Wiring for power measurement with four leads 
2.4. Power Measurement for Industrial Equipment 
Most machinery runs on three phase power. When this type 
of power is provided, utility companies charge not just for the 
real power used, but for the total apparent power. 
Additionally, power companies sometimes apply credits and 
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penalties that depend on the average power factor. For 
example, Pacific Gas & Electric applies a credit of 0.06% for 
every percentage point the power factor is over 0.85, and a 
penalty for every percentage point under [13]. This average 
power factor is dependent on the energy consumption of all 
machines in a facility. 
The energy consumption of a single machine is in turn 
comprised of the individual energy intakes of all of its 
components [14]. Individual component consumption depends 
on component operational state, which again depends on the 
operational state of the machine. While the most important 
component (or consumer) in a machine tool is often the main 
spindle [15], other important consumers include control 
electronics, cooling devices, hydraulic pumps, and feed drives 
[14]. The energy consumption by the sum of these 
components will affect the overall energy consumed by the 
machine as well as its efficiency. 
Currently, models are being developed to optimize energy 
usage in machine tools. Although some of these models use 
information available from data sheets, many models require 
experimental measurement of components [16]. These 
measurements fall into three main types: (1) direct power 
measurement, (2) continuous measurement of peripheral 
variables, such as velocity, that can be fed into a model to 
determine the energy consumption, and (3) state data, such as 
the power state, in components that have a steady power 
intake [17]. In order to make models effective, as well as to 
validate new models, successful and accurate direct 
measurement of power is required. 
Due to the relative ease and low associated costs, power 
measurement can in practice also be used as a sensor in the 
context of process control [18]. 
3. Power measurement in Industrial Setups 
This chapter describes challenges faced during practical 
application of power measurement in an industrial setup 
(Section 3.1) and presents case study material showing the use 
of power measurement for process control and the advantages 
of high frequency power measurement over conventional low 
frequency power measurement in this context (Section 3.2). 
3.1. Challenges for industrial power measurement 
Ad hoc power measurement in industrial settings is often 
complicated by comparatively trivial obstacles and is thus 
often less simple to perform than the theoretical fundamentals 
presented above might lead one to expect. Wiring plans for 
machines sometimes do not reflect changes applied after 
installation or might be missing altogether. This leads to trial 
and error in setting up the wiring. While some commercially 
available power measurement devices feature wiring 
diagnostic checks, these do not always produce accurate 
results. Matters are often further complicated by the fact that 
cable coloring is varies by different country and sometimes 
even by time period. 
For comprehensive power monitoring power meters can 
also be integrated into existing machines. Since commercially 
available power measurement devices used for ad hoc power 
measurement are often expensive, cheap, reliable embedded 
solutions are required. Aside from cost and reliability aspects 
embedded solutions for interconnected industry must 
accessible and secure [19].  
3.2. High Frequency Power Measurement Case Studies  
In this section we present two case studies that exemplify 
the need for high speed power measurement. These case 
studies have been performed using the commercially available 
High Speed Power Meter (HSPM) device from System 
Insights. The HSPM can be applied in measuring Voltage, 
Current, and Power Consumption at a 100Hz resolution and is 
available at a cost that is comparable to conventional low-
resolution device. In the two studies we have measured the 
“current count” which corresponds to a non-dimensional, non-
calibrated current measurement. Although this is not direct 
power measurement, it does allow us to examine overall 
power consumption behavior, even without specific numerical 
values.  
Case Study 1: Sub-metering to Detect Tool Changes 
A machining cycle with tool changes on a vertical 
machining center was measured at 100Hz in three ways: total 
input current, spindle current, and tool change motor current. 
As shown in Figure 6, the tool spindle current is the main 
current consumer. By subtracting the current consumption of 
the spindle motor from the total current consumption, we can 
extract the contribution of the tool change motor without 
needing to measure it. The 5 peaks that are pointed out are 
where the tool change motor is engaged. This method of sub-
metering is advantageous because few meters need to be 
installed, while still retaining detailed information about the 
effect of different machine consumers on the overall energy 
consumption. 
In order to estimate the behavior of a low frequency 
device, we have created a low frequency measurement of the 
same cycle by down-sampling the high frequency data from 
100 Hz to 1 Hz. The full resolution data for input – spindle 
current and the low frequency data for input – spindle current 
are contrasted in the bottom of Figure 6. Examination of this 
plot shows that sub-metering is not a viable measurement 
scheme at 1 Hz. In the high speed case, we can clearly see the 
five separate times the tool change motor is turned on by the 
five spikes above 0. In the low frequency case, we can barely 
see two. Without high frequency measurement, it is easy for 
short bursts in power consumption to be missed entirely. 
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Figure 6 Current count data for High Speed Measurement of all three components (top) and Input-Spindle current for both high speed and low speed 
measurement 
Case Study 2: Examination of a Drilling Process 
Two cycles of drilling with a Fanuc Robodrill machine are 
presented in this Case Study. One cycle has a part, one does 
not. The part is machined three times during 8-16 s after cycle 
start. The total duration of this cycle is about 22 seconds. We 
have created a low frequency measurement of the two cycles 
by down-sampling the high frequency data from 100 Hz to 1 
Hz. 
 
Figure 7 High and low speed current measurement of the same drilling 
process 
Error! Reference source not found. compares the full 
resolution data to the low frequency data. The arrows indicate 
the three cutting periods. Cursory examination shows that the 
two pictures are very different. Since the cycle length is so 
short, when we sample at only 1 Hz we get very poor 
resolution, leading to a blocky, imprecise view of the cycle. 
For example, we cannot detect the three separate drilling 
processes that occur.  
Furthermore, we have calculated the average difference in 
power consumption between having a part and performing 
actual cutting, and not having a part for both data resolutions. 
Table 1 below tabulates these results. 
Table 1 
Freq.  
[Hz] 
Avg. Difference 
between Part and 
No-Part  
[current count] 
Avg. Power  
during machining 
without part 
[current count] 
Relative Difference 
between  
Part and No Part 
[%] 
1 4234 62620 6.75 % 
100 7814 57452 14.7 % 
 
We can see that the observed difference in power 
consumption when actually cutting is significantly different at 
the two different sampling resolutions.  The high speed 
measurement records about twice as much extra power 
consumption as the low speed measurement does. Error! 
Reference source not found. also shows the superiority of 
high frequency power measurement when attempting to detect 
high frequency portions of the signal (also refer to case study 
2). The three marked machining operations are virtually 
undetectable when using conventional power measurement 
equipment. High speed power measurement thus is clearly 
necessary when attempting to detect such phenomena. 
4. Conclusion and Outlook 
With the demand for more sustainable, more integrative, 
and more productive manufacturing systems comes the 
demand for suitable process monitoring. Aside from control 
of the process stability, power monitoring allows for the 
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quantification of energy efficiency and the curbing of 
expensive peak power use. 
This paper summarizes the physical fundamentals 
underlying power measurement and shown the difficulties and 
complexities inherent in power monitoring in industrial 
settings. Nevertheless power measurement can serve as a 
fundamental signal to monitor and control a physical process. 
A reliable assessment of process stability or even capability is 
however contingent upon the quality of the underlying data. 
Two case studies discuss the advantages of high-frequency 
power measurement regarding the detection of short events in 
the time domain and their effects on measurement precision. 
High-frequency power measurement can track peak power 
demand and power usage patterns in a more detailed manner 
and provide more accurate energy measurements than 
comparable lower resolution, lower frequency measurement 
devices. However, the biggest advantage is the clear detection 
of phenomena in the process (e.g. tool change as shown in 
case study 1, machining power in case study 2). The high 
speed power measurement device used in the case studies 
described in this paper provides a low-cost and simple method 
for detecting complex phenomena in manufacturing 
equipment. This can also greatly simplify real-time analytics 
of phenomena in manufacturing equipment [2]. High-
frequency power measurement will increase in importance for 
process monitoring, especially if low cost power meters and 
software for real-time process control become available to 
industrial users. 
Furthermore publications on energy and power 
measurement often lack information about the displayed 
power mode (active, reactive or apparent power), wiring, 
overall measurement setup and used devices, sample rate, and 
more. Thus standards on how to conduct and report power 
measurements are needed to ensure comparability.  
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